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environment of the spacecraft and mission. While it is not completely understood how these combined and dynamic factors affect the health of crewmembers, evidence suggests that the central nervous system (CNS) undergoes adaptations to spaceflight that may impair mission success (17, 19, 65, 84, 96) . More work is needed, however, to better understand how discrete regions of the CNS and their respective functions are modulated by the experience of spaceflight.
A useful brain region in which to explore the effects of spaceflight on the CNS is the olfactory bulb (OB). The structure and function of the OB are highly influenced by environmental and physiological stimuli (51) , such that changes in OB size often positively correlate with changes in olfactory function. For example, in mammals, including humans, increased OB volume correlates with enhanced OB function and recovery following olfactory trauma (83) . In contrast, decreased OB volume correlates with diminished olfactory input (37) and diminished olfactory ability (28, 39) . However, olfactory function can also be improved following odor deprivation (6) , indicating the bidirectional nature of OB plasticity to environmental-and experience-induced regulation. OB plasticity is not only linked with changes in olfactory ability but also may provide early insight into the progression of psychiatric and neurodegenerative diseases (35, 38, 104) . For example, deficits in olfaction are frequently observed well before the appearance of severe neurological symptoms associated with late-stage Parkinson's and Alzheimer's diseases (35) . Decreased OB size is also observed in a rat model of depression (107) , emphasizing the clinical relevance of OB volume.
A major contributor to the plasticity of OB volume is neurogenesis, or the process of birth and death of OB neurons that continues throughout life. Functional OB interneurons, granule cells, and periglomerular cells are generated into adulthood (50, 51) , and their integration is correlated with the complexity of the olfactory environment (59, 75, 80, 81) . For example, sensory enrichment or passive exposure to new odorants increases OB neurogenesis (57, 66, 93) and sensory activity (55, 59 ) and improves olfactory discrimination abilities (60, 61, 80) . Improved olfactory discrimination, in turn, strengthens synaptic function in the olfactory cortex (27) . In contrast, sensory deprivation by nostril occlusion reduces new OB granule cell number and OB function (58, 85) . Although OB neurogenesis continues throughout life, it is influenced by many factors, some of which are present during spaceflight. For example, high doses of acute and chronic ionizing radiation decrease OB volume and neurogenesis in rodents (22, 36, 46) , which may jeopardize OB function (57, 85) . However, it is unknown how the entire spaceflight experience, including exposure to both negative and positive factors noted above, influences OB size and neurogenesis.
To address how the unique combination of environmental and physiological factors present during spaceflight influence OB structure, we evaluated OB volume and neurogenesis in adult mice shortly following a 13-day flight on Space Shuttle Atlantis [Space Transport System (STS)-135]. We hypothesized that due to the numerous negative factors present during spaceflight, mice aboard STS-135 would have decreased OB volume and neurogenesis compared with mice maintained on Earth. Interestingly, however, we found that mice maintained on Earth in animal enclosure modules (AEM) that mimicked the onboard flight conditions had greater OB volume and neurogenesis compared with mice maintained in standard housing conditions on Earth and mice housed in AEM cages onboard STS-135. These findings suggest that factors present during space travel have opposing effects on OB size and neurogenesis.
MATERIALS AND METHODS
Animals. Female C57BL/6 mice (9 wk of age; Charles River, Wilmington, MA) were shipped directly to NASA Space Life Sciences Laboratory (SLSL) at Kennedy Space Center (KSC) on June 21, 2011, where they were housed in identical conditions and allowed to acclimate for Ͼ4 wk prior to the start of experimental activities. During this time, mice were weighed ϳ3 times/wk and divided into three groups: Vivarium, AEM-Ground, and AEM-Flight. All Vivarium, AEM-Ground, and AEM-Flight mice were chosen from the same shipment of mice with matched birthdates and body weights. AEMFlight mice flew onboard the STS-135 in animal enclosure modules (AEMs) located on the shuttle's middeck lockers (lockers MF43K, MF57M, and MF57H) for 13 days (July 8, 2011 to July 20, 2011 ). An AEM consisted of a 24.5 ϫ 43.7 ϫ 51.1 cm self-contained rodent cage with 0.25-in. stainless steel mesh on all interior components, four internal fan blowers, a layered particulate and odor filter system, and four interior lamps (providing an average of 14 lux illumination during the light cycle) set to a 12:12-h light/dark cycle (21, 69) . Food bars (94) were glued to sidewalls and a redundant Lixit water unit was provided for ad libitum feeding and drinking. Each AEM was also equipped with a clear top through which a crewmember could observe behavior. Crewmembers monitored the health status and performed daily animal welfare checks, but no quantitative physiological or behavioral assessments of the mice were performed in real time. Mice in the Vivarium group were group-housed in standard, ventilated vivarium cages and maintained on Earth at KSC in the barrier facility located within the SLSL. AEM-Ground and AEM-Flight mice were loaded into identical AEM units with a 48-h offset to enable matching of critical environmental conditions. Specifically, the ground-based AEMs were placed within an Orbital Environmental Simulator (OES) to duplicate the Space Shuttle middeck temperature, relative humidity, and partial pressure of CO 2 (32, 96) . All other experimental procedures conducted on AEM-Flight mice were duplicated on both Vivarium and AEM-Ground mice. The NASA-Ames Research Center and KSC Institutional Animal Care and Use Committees approved this study. Approval was also obtained for the transfer of mouse tissues among institutions.
Tissue preparation and immunohistochemistry. Within 6 h of shuttle landing at KSC (AEM-Flight mice) or 48 h later (Vivarium and AEM-Ground mice), mice were anesthetized with ϳ3.5% isoflurane and killed by cardiac puncture and exsanguination. Brains were rapidly removed and the OB was fixed overnight with 4% paraformaldehyde followed by three PBS (phosphate-buffered saline) rinses and then equilibrated in 30% sucrose in 0.1 M PBS. Once the OB tissue had sunk, an indication of cryoprotection, samples were shipped overnight at 4°C to the University of Texas Southwestern Medical Center Dallas. OB tissue was embedded in Tissue-Tek O.C.T. freezing medium and was coronally sectioned using a cryostat with the chamber temperature maintained at Ϫ16 to Ϫ18°C. The main OB (ϩ6.0 to ϩ3.5 mm from bregma) was sectioned at 30 m in a 1:8 series. Serial sections were stored free-floating in 0.1 M PBS with 0.1% NaN 3. Prior to immunohistochemistry (IHC), sections were mounted onto superfrost-plus slides (Fisher Scientific, Pittsburgh, PA) and were allowed to dry for 2 h. After drying, sections were incubated in 0.01 M citric acid (pH 6.0, 100°C) for 15 min for antigen retrieval. They were then incubated in 0.3% H 2O2 to quench endogenous peroxidases, and then transferred to blocking solution (3% normal donkey serum, 0.3% Triton-X 100 in 1ϫ PBS) for 1 h (1). The following primary antibodies were used: goat polyclonal anti-doublecortin (DCX; 1:500; Santa Cruz Biotechnology, Santa Cruz, CA) and rabbit polyclonal anti-activated caspase-3 (AC3; 1:500; Santa Cruz Biotechnology). Primary antibody incubation was followed by 2 h incubation in the appropriate biotin-conjugated secondary antibody and 90 min in ABC (1:50; Vector Laboratories, Burlingame, CA). The signal was visualized with DAB/metal concentrate (10ϫ; Thermo Scientific). Sections were counterstained with Fast Red (Vector Laboratories), dehydrated with graded ethanols, and coverslipped using DPX (Fluka, Steinheim, Germany).
Cell quantification. All cell quantification was done in a blinded fashion. Unbiased estimates for DCX cell counts were obtained using stereological methods on an Olympus BX51 System Microscope with a MicroFIRE A/R camera (Optronics, Goleta, CA). Estimation of total DCXϩ cell number in the granule cell layer (GCL) and glomerular layer (GL) layers of the OB was performed using the Optical Fractionator Probe within the Stereo Investigator software (MBF Bioscience, MicroBrightField, Williston, VT) according to previously published stereological methods (92, 110 ). An unbiased counting frame superimposed on the region of interest was used to quantify cell number. Counting was performed using a 100ϫ, 1.4-NA oil immersion lens. To reduce bias between samples, several measures were undertaken. All tissue was processed for IHC in the same manner. To decrease the effect of shrinkage on the tissue, the average measured mounting thickness after processing was ϳ16 m, and an optical disector height of 14 m was used. The area-sampling fraction was 1/25 and every 8th section (section sampling fraction of 1/8) was used to calculate DCXϩ cells within the OB GCL and GL. The Gunderson coefficient of variance for each animal quantified was always Ͻ10%. Data are reported as the total number of DCXϩ cells in the OB or OB subregion. The distribution of cells across the entire main OB was also analyzed at different distances from bregma, and data are presented as total number of cells in the OB or OB subregion at each septotemporal point.
Modified stereology procedures were used to quantify total AC3ϩ cell number in the main OB. Brightfield staining of coded slides was visualized with an Olympus BX51 microscope using a 40ϫ, 0.63 NA lens with continuous adjustment through the depth of the section (62) . Using stereological principles (47) , exhaustive counts for AC3ϩ cells in the OB GCL and GL (ϩ6.0 to ϩ3.5 mm from bregma) were collected. The section sampling fraction was 1/8 and the resulting number of AC3ϩ cells was multiplied by 8 and reported as total number of cells in the GCL or GL per brain. Because the raw counts (before multiplication) for AC3ϩ cells counted were low according to disector/fractionator standards (74, 102) , we used an area sampling fraction of 1 as is commonly used for counting rare cell populations (41, 47) . Based on our previous work from our laboratory and others (25, 41, 47) , the height sampling fraction was set to 1. The data are presented as total number of cells in the OB GCL and GL and at each septotemporal point.
Volume estimation. Volume estimation of individual OB subregions was performed using the Cavalieri Probe within Stereo Inves-tigator (23, 71) . Every 8th section was analyzed to measure the size of the GCL, internal plexiform layer (IPL), mitral cell layer (MCL), external plexiform layer (EPL), and the GL. Volume was estimated using a 10ϫ, NA 0.30 lens. Area sizes were determined using the area measurement tool (based on the Cavalieri estimator) in which an automated grid of test points was superimposed upon the region of interest. Areas of individual cell layers were estimated from the total number of points that fell within the respective region. To obtain the volume, the sum of the areas measured was multiplied by the sampling fraction (1/8) and the section thickness (30 m). The Gunderson coefficient of variance for each animal quantified was always Ͻ10%. Data are reported as the total estimated volume (m 3 ) of the respective cell layer. The size of the individual layers across the entire main OB was also analyzed at different distances from Bregma, and data are presented as total volume of the respective OB layer at each septotemporal point.
Statistical analyses and data presentation. Data are expressed as means Ϯ SE from 4 -6 mice/group. Statistical analyses were performed with either one-way or two-way analysis of variance (ANOVA) where appropriate (GraphPad Prism 6.0). Tukey's and Sidak post hoc comparisons were used to analyze significant ANOVAs. P values Ͻ 0.05 were considered statistically significant.
RESULTS
Body mass, food and water consumption, and AEM temperatures during the STS-135 mission. As previously reported, body mass of AEM-Ground and AEM-Flight mice was significantly lower at the completion of the STS-135 mission, with AEM-Ground mice weighing slightly more than AEM-Flight mice postflight (96) . Total water intake of AEM-Ground mice was greater than AEM-Flight mice (mean Ϯ SE: AEM-Ground 433.3 Ϯ 16.67 ml; AEM-Flight 350.0 Ϯ 0.0 ml; P Ͻ 0.001); and water intake per day has also been reported to differ in this same experiment (31) . It was not possible to know whether this was due to actual greater consumption of water vs. greater loss of water during Lixit use on Earth vs. in flight. As previously reported, total food consumed and food consumed per day were similar between groups (31). Temperature matching within the OES was not exact: AEM-Ground mice experienced ϳ2°C warmer temperatures than AEM-Flight mice for ϳ48 h following launch and ϳ24 h prior to landing (data not shown). AEM-Ground mice on the whole experienced ϳ1°C warmer temperatures with less fluctuation (27) (28) .5°C) vs. AEM-Flight mice (23-29.5°C).
AEM-Ground mice have greater OB GCL and GL volume relative to Vivarium mice and AEM-Flight mice.
Given that OB volume is dynamically altered by environmental and physiological stimuli (22, 46, 51) , we first examined the consequences of a 13-day spaceflight mission on OB volume (Fig. 1) . Total OB volume in Vivarium mice was similar to published values (22, 110) , and statistical analysis revealed a significant main effect of total OB volume among Vivarium, AEMGround, and AEM-Flight mice (F 2,13 ϭ 11.77, P Ͻ 0.01, Fig.  1B ). Post hoc analyses revealed that AEM-Ground mice had significantly larger total OB vs. both Vivarium (19% increase, P Ͻ 0.05) and AEM-Flight mice (33% increase, P Ͻ 0.01), with OB volume not different between Vivarium and AEMFlight mice (P Ͼ 0.05). In addition to total OB volume, we also analyzed volume along the rostrocaudal extent of the main OB based on literature showing that the OB differs in cellular composition and function along this axis (9) . This bregma analysis (Fig. 1C) revealed a significant main effect of treat- Tukey's post hoc test. All data represent means Ϯ SE. N ϭ 4-6/group. *P Ͻ 0.05, **P Ͻ 0.01. C, E, G: total OB (C), GCL (E), and GL (G) volumes plotted at different distances from bregma (ϩ5.96 to 3.56 mm from bregma). Data analyzed by two-wayment (F 2,117 ϭ 16.28, P Ͻ 0.001) and bregma (F 8,117 ϭ 71.58, P Ͻ 0.001), and a significant interaction (F 16,117 ϭ 1.778, P Ͻ 0.05). Post hoc analyses revealed that AEM-Flight mice had consistently smaller OB volume from ϩ5.4 to ϩ4.5 mm bregma vs. Vivarium and AEM-Ground mice (Fig. 1C) .
As the OB consists of several subregions of different size, function, and cellular composition (9), we next asked whether the increase in AEM-Ground OB volume was due to selective increase in subregional volume in the GCL, GL, MCL, IPL, and EPL subregions of the OB (Fig. 1) . The OB subregional volumes of Vivarium mice were similar to published values (22, 36, 110) , with the GCL being largest, followed in decreasing volume by the EPL and GL, with the MCL and IPL both being the smallest (Fig. 1A ). Analysis revealed a significant difference among Vivarium, AEM-Ground, and AEM-Flight mice in regards to GCL (F 2,13 ϭ 6.18, P Ͻ 0.01, Fig. 1D ) and GL volume (F 2,13 ϭ 18.51, P Ͻ 0.001, Fig. 1F ). Post hoc analyses revealed that AEM-Ground mice exhibited significantly larger GCL (21%) and GL (27%) volumes vs. Vivarium mice (P Ͻ 0.05 for GCL, P Ͻ 0.01 for GL). This increase in GCL and GL volumes of AEM-Ground mice was not seen in AEM-Flight mice (P Ͻ 0.05 for GCL, P Ͻ 0.001 for GL), such that GCL and GL volumes did not differ between AEM-Flight and Vivarium mice (P Ͼ 0.05 for GCL and GL). GCL volume analyzed across bregma (Fig. 1E ) revealed a significant main effect of treatment (F 2,112 ϭ 20.68, P Ͻ 0.001) and bregma (F 8,112 ϭ 53.09, P Ͻ 0.001), and a significant interaction (F 16,112 ϭ 2.638, P Ͻ 0.001). GL volume analyzed across Bregma (Fig. 1G ) also revealed a significant main effect of treatment (F 2,117 ϭ 48.34, P Ͻ 0.001), bregma (F 8,117 ϭ 53.11, P Ͻ 0.001), and a significant interaction (F 16,117 ϭ 3.99, P Ͻ 0.001). Post hoc analyses revealed that AEM-Ground mice had significantly larger GCL and GL volumes vs. AEM-Flight mice from ϩ5.3 to ϩ4.5 mm and ϩ5.1 to ϩ3.9 mm from bregma, respectively (Fig. 1, E and G) .
In regards to the EPL, MCL, and IPL cell layers, there was no significant main effect among Vivarium, AEM-Ground, and Post hoc analyses revealed that AEM-Flight mice had significantly smaller IPL vs. AEM-Ground mice (30% decrease, P Ͻ 0.01) but did not significantly differ from Vivarium mice (P Ͼ 0.05). When IPL volume was analyzed across bregma, there was a significant main effect of treatment (F 2,111 ϭ 11.70, P Ͻ 0.001) and bregma (F 8,111 ϭ 35.42, P Ͻ 0.001), and a significant interaction (F 16,111 ϭ 3.88, P Ͻ 0.001). Post hoc analyses revealed that AEM-Ground mice had significantly greater IPL volume vs. AEM-Flight mice from ϩ5.1 to ϩ4.1 mm from bregma.
Taken together, these volumetric measurements indicate that mice maintained on Earth in AEMs had significantly larger OBs compared with mice maintained in standard housing on Earth. This AEM-induced increase in OB volume was primarily due to larger OB GCL and GL, cell layers in which there is robust recruitment of adult-born neurons (50) . Additionally, mice housed in AEMs onboard STS-135 had smaller OBs vs. AEM-Ground mice, such that they were not different from mice maintained in standard housing on Earth. The smaller OBs in AEM-Flight vs. AEM-Ground was primarily due to smaller GCL and GL volumes.
AEM-Ground mice have more OB immature neuroblasts relative to Vivarium and AEM-Flight mice. Because the most substantial volume changes among the three groups of mice occurred in the OB GCL and GL, areas of ongoing neurogenesis (50, 51), we next analyzed DCXϩ cells in these layers (Fig. 2, A-H) . DCX labels immature neuroblasts that migrate into the OB and differentiate into interneurons, granule cells, and periglomerular cells (51) . As previously shown, the majority of OB DCXϩ cell bodies were in the GCL, with processes extending into the IPL (Fig. 2, A and B) (48) . DCXϩ cell bodies were also found in the GL, but were far fewer in number compared with the GCL (Fig. 2 , E and F) (48) . When examined among Vivarium, AEM-Ground, and AEM-Flight mice, statistical analyses revealed a significant main effect of DCXϩ cells in the GCL (F 2,13 ϭ 8.13, P Ͻ 0.01, Fig. 2B ) and GL (F 2,13 ϭ 4.38, P Ͻ 0.05, Fig. 2F ). Post hoc analyses revealed that AEM-Ground mice had 36% and 41% more DCXϩ cells in the GCL and GL, respectively, vs. Vivarium mice (GCL P Ͻ 0.01, GL P Ͻ 0.05). This AEM-induced increase in DCXϩ cell number was not observed in AEMFlight mice, as shown by 37% and 40% fewer DCXϩ cells in the GCL and GL, respectively (both P Ͻ 0.05), of AEM-Flight vs. AEM-Ground mice. In fact, DCXϩ cell number in AEMFlight mice did not differ from Vivarium mice (GCL and GL both P Ͼ 0.05). When DCXϩ cells in the GCL were analyzed along the rostrocaudal extent of the main OB, there was a significant main effect of treatment (F 2,117 ϭ 12.77, P Ͻ 0.001), bregma (F 8,117 ϭ 22.56, P Ͻ 0.001), and a significant interaction (F 16,117 ϭ 2.21, P Ͻ 0.001). Similarly, when DCXϩ cells in the GL were analyzed along the rostrocaudal extent of the main OB, there was a significant main effect of treatment (F 2,117 ϭ 18.65, P Ͻ 0.001) and bregma (F 8,117 ϭ 33.08, P Ͻ 0.001), and a significant interaction (F 16,117 ϭ 2.99, P Ͻ 0.001). Post hoc analyses revealed that the GCL and GL of AEM-Ground mice had more DCXϩ cells ϩ5.1 to ϩ3.9 mm from bregma than the GCL or GL in AEM-Flight or Vivarium mice (Fig. 2, C and G) . The number of DCXϩ cells did not differ between AEM-Flight and Vivarium mice at any distance from bregma.
AEM-Ground mice have less OB apoptosis relative to Vivarium and AEM-Flight mice. The continuous production of OB neurons in the adult is offset by ongoing cell death (75, 103, 106) . Therefore, one possible explanation for the larger volume and greater number of immature neuroblasts in the OB GCL and GL in AEM-Ground mice was increased cell survival or decreased apoptosis (56, 80, 105) . To address this, we quantified cell death in the OB GCL and GL using activated caspase-3 (AC3) as a marker for apoptotic cells (Fig. 2, I-P) . There was a significant main effect of AC3ϩ cell number in the GCL among Vivarium, AEM-Ground, and AEM-Flight mice (F 2,13 ϭ 5.78, P Ͻ 0.01, Fig. 2J ). The GCL of AEMGround mice had 47% fewer AC3ϩ cells vs. Vivarium mice (P Ͻ 0.05, Fig. 2J ). While the GCL of AEM-Ground and AEM-Flight mice did not significantly differ in AC3ϩ cell number (P Ͼ 0.05), there was a trend for more (37%) AC3ϩ cells in AEM-Flight vs. AEM-Ground mice (Fig. 2J) . When AC3ϩ cell number in the GCL were analyzed along the rostrocaudal extent of the main OB, there was a significant main effect of treatment (F 2,117 ϭ 20.74, P Ͻ 0.001) and bregma (F 8,117 ϭ 40.24, P Ͻ 0.001), and a significant interaction (F 16,117 ϭ 2.07, P Ͻ 0.001, Fig. 2K ). Post hoc analyses revealed that there were fewer AC3ϩ cells ϩ5.1 to ϩ4.2 mm from bregma in the GCL of AEM-Ground mice vs. AEMFlight mice (Fig. 2K) . In the GL, there was a nonsignificant trend for a main effect of AC3ϩ cell number in the GL among the three groups (F 2,13 ϭ 2.80, P ϭ 0.09, Fig. 2N ). When AC3ϩ cell number in the GL was analyzed along the rostrocaudal extent of the main OB, there was a significant main effect of bregma (F 8,117 ϭ 5.92, P Ͻ 0.001) and a significant interaction (F 16,117 ϭ 2.17, P Ͻ 0.001), and a near-significant main effect of treatment (F 2,117 ϭ 2.63, P ϭ 0.07, Fig. 2O) .
When OB subregional volume is taken into account, AEMGround mice still have less OB apoptosis relative to Vivarium and/or AEM-Flight mice. While it is common to use stereology to express data on cells immunoreactive for antigens linked to OB neurogenesis as "total number" (36, 48, 92) , as we do in Fig. 2, B, C, F , G, J, K, N, and O, these data are also sometimes expressed as density (22, 110) . Because of the significantly greater volume of the GCL and GL of AEM-Ground mice relative to Vivarium and AEM-Flight mice, it is useful to consider the DCXϩ and AC3ϩ cell data after taking volumetric measurements into account. Therefore, the ratio of total DCXϩ or AC3ϩ cell number to the volume of the GCL (Fig.  2, D and H) and GL (Fig. 2, L and P) was calculated. When GCL and GL DCXϩ cell numbers were normalized to their respective volumes, there was no significant difference among Vivarium, AEM-Ground, and AEM-Flight mice (GCL: F 2,13 ϭ 1.24, P Ͼ 0.05, Fig. 2D ; GL: F 2,13 ϭ 1.32, P Ͼ 0.05, Fig. 2H ). However, when GCL and GL AC3ϩ cell numbers were normalized to their respective volumes, there was a significant main effect among the three groups (GCL: F 2,13 ϭ 6.29, P Ͻ 0.5, Fig. 2L ; GL: F 2,13 ϭ 5.92, P Ͻ 0.05, Fig. 2P ). Post hoc analyses showed that in the GCL AEM-Ground mice had significantly fewer AC3ϩ cells vs. both Vivarium (55% decrease, P Ͻ 0.05) and AEM-Flight mice (55% decrease, P Ͻ 0.05), with no difference between Vivarium and AEM-Flight mice (P Ͼ 0.05). In the GL, AEM-Ground mice had significantly fewer AC3ϩ cells vs. only AEM-Flight mice (76% decrease, P Ͻ 0.05).
In sum, our results show that on Earth the AEM housing environment was associated with a larger OB, fewer AC3ϩ cells, and more DCXϩ cells in OB regions that experience robust addition of new neurons throughout adulthood. Notably, this AEM-associated increase in OB volume and neurogenesis was not seen in mice aboard the STS-135 space shuttle.
DISCUSSION
Spaceflight is known to influence numerous aspects of mammalian physiology, including CNS structure and function (17, 19, 65, 84, 96) . On Earth, many environmental factors shape OB size and neurogenesis, contributing to olfactory recognition and discrimination (45, 57, 93) . Our hypothesis was that exposure to the cumulative factors experienced during spaceflight would have a detrimental effect on OB volume and neurogenesis. Interestingly, our findings here suggest that any negative influence of spaceflight on OB volume and neurogenesis may be prevented or mitigated by exposure to a novel sensory environment, as provided by AEMs. Supporting this conclusion, we show that AEM-Ground mice had ϳ25% larger OB relative to Vivarium and AEM-Flight mice. Specifically, the OB cell layers that experience ongoing addition of interneurons and their dendrites (i.e., GCL, GL, IPL) were larger in AEM-Ground mice, suggesting increased neurogenesis. Directly in support of increased neurogenesis, AEM-Ground mice had ϳ50% more DCXϩ cells and ϳ50% fewer AC3ϩ apoptotic cells relative to Vivarium and AEM-Flight mice. Notably, AEM-Flight mice had similar OB size and neurogenesis relative to Vivarium mice housed in standard conditions on Earth. Below we discuss possible interpretations of these data, and the implications for future basic research on spaceflight as well as human studies on Earth.
AEMs: a novel sensory experience that preserves OB volume and neurogenesis by enhancing cell survival? The sensory experience offered by AEM housing is quite distinct from that provided in standard mouse cages in terms of temperature, humidity, CO 2 levels, noise, air flow, lack of bedding, and cage mesh for climbing (21, 69) . These individual AEM components may also interact and thus uniquely influence OB volume and neurogenesis in AEM-Ground and AEM-Flight mice. AEM-Flight mice also experience additional space-based environmental factors (weightlessness, radiation, human-derived odors, etc.) not present in Vivarium and AEM-Ground conditions. Our findings that OB volume, neuroblast number, and cell survival are all enhanced in AEM-Ground mice suggest that the AEM cages may be a form of sensory enrichment. This is consistent with reports that enriched environments positively regulate OB neurogenesis and function. For example, increased OB volume correlates with enhanced OB function and recovery in humans (83) . In rodents, passive exposure to enriched odors stimulates neurogenesis and improves olfactory recognition and discrimination abilities (45, 55, 57, 60, 61, 66, 93) . The increase in DCXϩ neuroblasts in AEM-Ground mice could be due to increased survival (80, 81, 105) and neuroblast differentiation (48, 92) . It could also be the result of increased migration of these cells from the subventricular zone (SVZ), the source of OB progenitors (4, 64), or from locally generated OB neurons (33, 49, 56, 67) .
While we hypothesize that AEMs are a form of sensory enrichment, this cannot be confirmed because there was no systematic quantification of physical and chemical properties of the AEM vs. Vivarium cages during this mission. It is therefore reasonable to consider the opposite view: perhaps AEMs are a form of odor deprivation. Indeed, they are equipped with air filters to absorb and trap odors (21) . From this perspective, perhaps mice in AEMs are in an odor-deprived environment compared with Vivarium mice, and it is this odor deprivation that contributes to the larger OB and greater cell survival and neuroblast number. While this may seem counterintuitive, odor deprivation (e.g., via naris occlusion) can increase OB function (6) . This alternative possibility is important to consider because we currently cannot experimentally isolate the effects of the olfactory context of the AEMs from the space-based manipulations at this time (73) . However, the filter design within the AEM maintains sufficient control of odor leaving the units (21 accumulation of urine and fecal matter within the AEMGround and AEM-Flight cages counters the idea that AEMs are a form of odor deprivation. Of course, future control studies are needed to better assess the impact of olfactory context during spaceflight on OB neurogenesis and size (30) . But as there are no examples in the literature where odor deprivation leads to larger OB and more neurogenesis, and as it is unclear whether naris occlusion leads to larger OB or more neurogenesis (6), we continue to favor the hypothesis that the AEMs are a form of sensory enrichment, not sensory deprivation.
It is interesting to note when OB GCL and GL volumes were accounted for in regards to DCXϩ and AC3ϩ cell numbers, only a significant decrease in AC3ϩ apoptotic cells existed between AEM-Ground mice and Vivarium and AEM-Flight Distance from Bregma (mm) # AC3+ cells in GL mice. In contrast, the increase in total DCXϩ cells in the GCL and GL in AEM-Ground mice vs. Vivarium and AEM-Flight was diminished when volume was considered, suggesting that GCL and GL volume changes among the three groups may initially be due to a cell survival mechanism rather than altered neurogenesis (68, 106) . One interpretation is that the unique sensory environment in the AEM cages facilitates neuroblast survival during the initial period of neuronal maturation, but the survival of these neuroblasts is hampered during spaceflight (75) . It is also possible that a longer spaceflight mission may be needed to observe an increase in neuroblast number in AEMGround mice when DCXϩ cells are normalized to volume. Nevertheless, these findings are in accordance with studies demonstrating that prolonged sensory experience promotes cell survival and integration of adult-born cells into the existing bulbar circuitry (81, 105) , and in some cases, increased cell survival occurs without additional neurogenic alterations (80) . For example, decreased cell survival and OB volume is observed in a mouse model of mitral cell degeneration with no accompanying changes in cell proliferation or migration (97) . Also consistent with our data are studies demonstrating that cell survival in the OB is responsive to bidirectional modulation by sensory experience such that apoptosis in the GCL is increased in cases of naris closure, and this increase is reversed upon reopening (26, 68) . Moreover, cell survival in the OB is also decreased in a mouse model of anosmia in which these mice cannot relay electrical signals in olfactory receptor neurons (75) . These mice have a smaller OB but present no changes in granule cell proliferation, differentiation, or dendritic morphology (75) . However, following neuronal maturation, many more granule cells undergo apoptosis, indicating that cell survival is dependent on olfactory activity (75) . Collectively, these earlier studies resemble our current findings in which the sensory environment of the AEMs may promote activity-dependent survival in AEM-Ground mice, and to a lesser extent neuroblast differentiation, both processes that are not observed in AEM-Flight mice, likely due to stressors in the space environment.
Our focus here was on the influence of spaceflight on OB volume and neurogenesis. However, it is highly possible that astrocytic changes could also occur in tandem with our observed neuronal changes (3, 33) and contribute to the AEMGround associated increase in OB volume, neuroblast number, and cell survival. However, given that astrocytes can come from both local OB sources and from migrating cells in the anterior neurogenic region (33) , such studies would optimally be performed with inducible fate mapping mice or other similar tools (7, 40, 47, 70) . Therefore, separate studies would be needed to elucidate what proportion, for example, of the increase in OB volume in AEM-Ground mice presented here is due to astrocytic vs. neuronal changes, and to dissect to what extent they are influenced by increased cell migration (4, 64), neuronal maturation (48, 92) , local generation of interneurons (33, 49, 56) , or astrocytic changes (3, 33) .
Functional implications of sensory-induced cell survival in the OB. A major question left unanswered in our study is whether there are functional consequences resulting from the novel environment and the effects of spaceflight. Clearly, behavioral observation and functional assays during and after flight would have been ideal, but these were impossible due to the nature of the experiment and timing of tissue collection. However, the literature suggests a positive correlation between OB neurogenesis or volume and OB function (57, 66, 93) . Thus, while purely speculative, increased survival of neuroblasts in AEM-Ground mice relative to Vivarium mice could correspond to increased activity of inhibitory interneurons, leading to broad changes in inhibitory processing of odorants (2, 55, 59, 66) . For example, increased inhibitory inputs from GABAergic granule cells can decrease mitral cell activity, the principal relay neurons that project from the OB to the olfactory cortex (13, 14) . Decreased mitral cell activity is correlated with narrowed specificity for odor detection, allowing for increased odor discrimination and neuronal remodeling (2, 13). The strengthening of inhibitory inputs also promotes cell survival, strengthens synaptic function (27) , and enhances olfactory discrimination and perceptual learning (59, 66, 80) .
In addition to inhibitory inputs, dopaminergic periglomerular cells in the GL also function to optimize odor detection (15) . Decreased tyrosine hydroxylase immunoreactivity, a marker for dopaminergic neurons in the GL, is frequently observed in rodent models of naris closure and decreased odor discrimination (13, 58) . While also purely speculative, it is possible that the increased survival of neuroblasts in AEMGround mice could also correspond to increased number of Given the smaller OB, decreased neurogenesis, and increased apoptosis in AEM-Flight mice relative to AEMGround mice, it is very possible that olfactory physiology and function are compromised in AEM-Flight mice such that they may be equivalent to Vivarium mice. Alternatively, it is possible the multifactorial nature of the space-based environment disrupts the predictive relationship between olfactory neurogenesis, physiology, and function. For example, even if OB size and neurogenesis levels in AEM-Flight mice appear to be similar to Vivarium mice, it may not necessarily translate to identical OB physiology and function. The decreased neurogenesis in AEM-Flight vs. AEM-Ground mice may disrupt inhibitory activity and processing of granule, glomerular, or mitral cells so that incorrect information is relayed to the olfactory cortex. Consequently, even if OB size and neurogenesis are similar between AEM-Flight and Vivarium mice, OB physiology and circuitry could still be abnormal and significantly affect olfactory performance. Future examination of the functional implications of spaceflight for OB function will be necessary to test these hypotheses.
Dissecting the influence of space-based environmental changes and olfactory context on OB neurogenesis and function. Our findings in AEM-Ground mice underscore the importance of including appropriate controls when designing studies to understand the effects of space travel on mammalian physiology. Omission of suitable environmental controls may prevent detection of certain physiological changes during spaceflight or lead to data misinterpretation. On a related note, in the future it will be important to design experiments to dissect the impact of olfactory context vs. olfactory ability to better assess the impact of spaceflight on OB physiology and function. This is because the numerous space-based environmental changes could interact and disrupt the predictive relationship between neurogenesis and olfactory physiology and function in AEM-Flight mice relative to AEM-Ground and Vivarium mice. Given that it is difficult to untangle olfactory context from the experimental manipulations (73) , additional control studies are needed to better control for olfactory context to better assess the impact of spaceflight on OB neurogenesis and size (30) .
Additionally, if we had not had access to Vivarium controls we would have interpreted our current findings as showing a detrimental effect of spaceflight on OB volume and neurogenesis. However, inclusion of the Vivarium controls has allowed us to make the more nuanced interpretation that spaceflight appears to negate the positive influence of AEMs on the OB, and not necessarily is overtly detrimental. Given this point, it is instructive to review the literature for how lack of inclusion of Vivarium controls, which are not always possible to access, might influence the interpretation of data from other space shuttle studies. For example, AEM-Flight mice from STS-131 and STS-135 missions had reduced vasoconstriction and increased blood flow to muscle and the brain relative to AEMGround mice (10, 91, 96) . Also, AEM-Flight mice from STS-118 and STS-135 had diminished T lymphocyte function and spleen size relative to AEM-Ground mice (31, 32) . In total, these data were interpreted as showing spaceflight as detrimental to astronauts' physiology, for example compromising their ability to maintain blood flow (10, 91, 96) . However, based on our findings presented here, it is plausible that these physiological changes in AEM-Flight mice may be less detrimental to astronaut health during spaceflight than have been proposed. Perhaps cerebral perfusion and/or T lymphocyte function are altered in AEM-Ground mice relative to Vivarium mice, concealing AEM-induced positive effects. Furthermore, as additional studies from the STS-135 mission emerge (63, 95, 108) , it will also be worth considering if and how the physiological changes observed in AEM-Ground and AEM-Flight mice in regards to body mass (96) , food and water consumption (31) , and AEM temperatures may have contributed to some of the observed CNS changes. Collectively, it will be interesting to see how our findings that take into account the novel environment of the AEMs compare to additional space shuttle studies, including work examining the same mice from the STS-135 mission (10, 31, 96) .
Implications for human spaceflight. There are currently several approaches being used to remedy the adverse effects of microgravity (88, 89) and ionizing radiation (77, 90, 101) on general physiology and CNS function. It is encouraging that, in contrast to our hypothesis, mice aboard STS-135 had OB volume and neurogenesis levels indistinguishable from Vivarium-housed mice. This suggests that a novel sensory exposure could be a therapeutic strategy to counteract the negative effects of space travel on CNS structure and function and promote mission success. This is especially critical as space exploration programs are shifting towards interplanetary exploration of increased duration and distance (18, 109) that are likely to subject human crewmembers to prolonged exposure to more harsh conditions that can be detrimental to OB structure and function and impair mission success. On the other hand, we only were able to assess one time point after a 13-day mission. Given that humans and mice habituate to novel sensory stimuli, analysis of the OB from mice that experience shorter and longer missions would be useful in assessing the dynamic response to the environment, and would reveal how applicable our findings are for longer-term flights.
To date there are no studies directly assessing human olfactory function following spaceflight. Certainly astronauts can smell; for example, many have reported what they call "the smell of space" (29) , but no specific olfactory ability or discrimination experiments have been performed on crewmembers before, during, and/or after a space mission. There are simulated microgravity studies in which the weightlessness induces a cephalic fluid shift, i.e., an upward shift of body fluids toward the head that may influence olfactory abilities. These simulated studies reveal conflicting reports on odor function (12, 72, 98, 100) . In addition, these studies are difficult to extrapolate to what might occur following a true space mission. Instead, there are strong correlates between reduced OB size in patients with olfactory disorders and reduced olfactory function (24, 34, 37, 39) , and increased OB volume with enhanced OB function and recovery (83) . These studies demonstrate that, similar to rodents, human OB structure and function is sensitive to olfactory experience and behavioral state, which, in turn, may be influenced by various physiological factors present during space travel.
One concern in generalizing our studies in mice to human crewmembers is the extent to which OB neurogenesis occurs in humans (53) . Neural stem cells reside in the SVZ lining the lateral ventricles in the human brain (42, 87) , but it is controversial to what extent these cells give rise to neuroblasts that migrate to the OB in the adult (11, 20, 52, 87) . Recently, two studies demonstrated a dramatic decline in the number of migratory neuroblasts after birth in humans, but these migrating neuroblasts are nevertheless found in the adult brain in smaller numbers (86, 99) . Even if a very small number of neuroblasts successfully migrate to the OB in the adult human brain, these neuroblasts could contribute to a significant percentage of OB neurons if they properly integrate into the olfactory circuitry. While purely speculative, our studies may be generalized to degenerative brain disease, as olfactory deficiency is often observed in humans during early stages of Parkinson's and Alzheimer's diseases (35, 104) , demonstrating that OB neurogenesis may hold clinical relevance for agerelated neurological diseases. Taken together, our findings indicate that spaceflight missions may exert unique and opposing effects on adult OB neurogenesis, which could have clinical implications for OB function and neurodegenerative diseases.
As our current findings suggest a protective effect of a novel environment on OB volume and neurogenesis, increasing cell survival could be a strategy to mitigate the negative effects of spaceflight for other at-risk CNS regions, and consequently enhance crew performance during long-term interplanetary missions. For example, the hippocampus is another brain region with ongoing adult neurogenesis and is also vulnerable to ionizing radiation, with proliferating cells and DCXϩ neuroblasts being the most sensitive to radiation-induced apoptosis (5, 79) . Drastic reductions in proliferating cells and immature neurons can persist for months following ionizing radiation exposure, leading to reduced survival and differentiation of adult-born hippocampal neurons (5, 76, 82) . There are longerterm implications for astronaut health as well. For example, ionizing radiation-induced neurological changes can contribute to disease onset such as A␤ plaque pathology, a pathological hallmark for Alzheimer's disease, in the hippocampus (16) , which may be due to reduced hippocampal neurogenesis (38, 104) . Perhaps radiation-induced cell loss or radiation-induced acceleration of neurodegenerative disorders could be prevented by the protective effect of a novel environment (44) . Importantly, progenitors in the hippocampus and OB respond differentially to ionizing radiation (36) , possibly due to differing microenvironments of the two neurogenic regions. Therefore, future studies should analyze how the AEM experience from the STS-135 mission impacts hippocampal volume, neurogenesis, and cell death. Such data would provide a more complete picture of how adult-generated neurons in the CNS are influenced by spaceflight, and thus reveal potential impact on the CNS function of crewmembers during long-term missions.
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